Abstract: This paper presents the stability analysis of a six-phase self-excited induction generator (SP-SEIG) based on the eigenvalue stability criteria for its linearized model. This demonstrates the small signal stability behavior during steady-state operating conditions. The eigenvalue approach also establishes an opportunity to correlate eigenvalues with machine parameters. The investigation in this paper reveals that the eigenvalues are dependent upon the machine parameters, and the most critical parameter is the variation in magnetizing inductance (L m) . The eigenvalues are varied in accordance with the machine variables and give focus to the stabilization of the SP-SEIG. A particular voltage build-up phenomenon is also experimentally verified to validate the proposed analytical approach in this paper.
Introduction
The stability of electrical machines is an important factor for consideration and is directly affected by many design parameters during steady-state operation. The first overall scenario on the stability of AC machines was developed in 1965 using the root locus technique [1] . The instability of the induction motor, which is fed by the frequency inverter, was analyzed in [2] . Other works [3] [4] [5] [6] [7] [8] analyzed an induction motor drive with different schemes of rectifier-inverter, single cage, controlled current, current source inverter, double cage, and voltage source inverter, using Nyquist stability criterion, root-locus technique, transfer function technique, a linearized small signal model, decoupled boundary layer model, and Lyapunov's first method, respectively. All these works only analyzed the three-phase induction motor drive, taking into account different schemes and using the proposed techniques.
In the final years of the past decade, limited literature was available on the dynamic stability of isolated three-phase induction generators [9, 10] . These works are insufficient compared with the well-documented threephase induction motor, as discussed above. The work in [9] dealt with the steady-state analysis of the threephase isolated induction generator feeding an induction motor (IM) load using the predictor-corrector-type continuation method. Eigenvalue analysis was also used to examine the stability of the induction generator. On the other hand, the phase-plane plot, eigenvalue, and root-locus techniques were used to analyze the dynamic stability of the two parallel operated autonomous induction generators supplying an induction motor with longshunt compensation in [10] . In [11] [12] [13] , the stability of the three-phase synchronous machine was examined by using small signal analysis, Nyquist stability criteria, and the root-locus technique, respectively.
To the best of our knowledge, the stability analysis of the three-phase AC machine has been carried out * Correspondence: kiransinghiitr@gmail.com in detail in the aforementioned literature. Such analysis was not developed for multiphase AC machines until 2002. The stability issue using small-signal analysis of a multiphase machine was recognized first by Singh et al. [14] [16] . The authors in [14] analyzed the stability of a six-phase induction machine, considering the effect of common mutual leakage reactance between the two three-phase stator winding sets and supply harmonics. Conversely, [15] and [16] analyzed a five-phase motor with an injection of third harmonics and a six-phase synchronous generator connected to the utility grid, respectively. Such analysis contains no evidence for six-phase induction generators in isolated mode.
Small signal analysis with an eigenvalue approach focuses on a simple, stable, and successful operation under any balanced operating condition during small excursion behavior of a machine. Eigenvalue analysis is also employed to determine the critical operating conditions of the studied machine. In this paper, a linearized model of a six-phase isolated generator in d-q variables in a synchronously rotating reference frame is developed from the voltage equations of a multiphase induction machine [17] . In the present analysis, an eleventh-order linearized model for the SP-SEIG is developed for the dynamic stability analysis. The stability is investigated under perturbation of any one variable from the placement of the eigenvalues of the machine. In this linearized model, the effects of common mutual leakage inductance (L lm ) on two three-phase winding sets and crosssaturation coupling (L ldq ) between the d-and q-axis of the individual stator have not been considered in order to avoid the complexity of the solution. This analysis also presents the effect of magnetizing inductance during the process of self-excitation and finds that speed plays an important role, which is necessary for initiating and sustaining the self-excitation process in an isolated SP-SEIG for a given value of capacitance and load. Magnetizing inductance (L m ) also plays an important role in the dynamics of voltage build-up and stabilization of the SP-SEIG.
Fundamental modeling of SP-SEIG

Modeling of stator dynamics
An AC machine can have as many phases as coils per pole pair. Generally, all three-phase machines are designed with 60
• phase belts, but sometimes these machines are also wound with 120
• phase belts. A threephase machine can be easily converted to six-phase by 'splitting' the 60 • phase belts into two portions, each spanning 30
• , without any additional cost. The detailed design of a six-phase machine was given in [17] .
The equivalent circuit of the SP-SEIG is shown in = 1. The voltage and electromagnetic torque equations can be elaborated in the form of machine variables (the current is selected as an independent variable) for a sixphase induction generator in an arbitrary reference frame [18] by using Park's transformation, which converts the nonlinear differential equations with time-dependent inductance terms (three-phase axis model) into simplified equations with constant inductance terms (two-phase axis model): 
where:
Simplifying Eqs. (1)- (6) by using Eqs. (7) and (8), they can be rewritten as follows.
In the induction machine, rotor windings are short-circuited, and hence
For uniform air gap length, L dm = L qm = L m , the equation for L m was given in [17] :
Modeling of shunt excitation capacitor bank and load
The mathematical modeling of both sets of the shunt excitation capacitor bank, connected in parallel with pure resistive loads, can be written in the (dq0 ) axis [18] as shown below.
According to Kirchhoff's current law, the current equations at the excitation shunt capacitor terminals respectively are given as:
If a pure resistive load is considered across the terminal of the generator, the load current equations can be given by:
Hence, with pure resistive load, the q-and d-axis voltage equations can be modified as follows.
Modeling of torque and rotor dynamics
The electromagnetic torque and rotor speed of the SP-SEIG can be expressed in terms of selected state-space variables as:
where T e is electromagnetic torque, T m ... is mechanical input torque, and
After combining Eqs. (9)- (14) and Eqs. (24)- (29), it is convenient to write the system equations in a synchronously rotating reference frame by setting ω = ω e and rewrite them in matrix form as given in Eq. (30). All other symbols used are explained in Table 1 . 
Development of linearized SP-SEIG model
The behavior of induction machines is nonlinear, so there is a need for linearization of these nonlinear equations and for rewriting them in state variable form for further analysis. The procedure involved in the linearization of nonlinear differential equations of the SP-SEIG has included the assumptions for small displacement. First, the product terms of two or more deviations must be neglected. Second, flux levels have little variation for keeping the inductance terms constant. In the process of linearization, initially each variable is replaced by its value, and then both the assumptions are applied for simplifying the linearized differential equations. In this way, small-displacement linear equations are developed from a fixed operating point. The linear differential equations of the SP-SEIG are given in Eq. (31). The linearized machine equations are conveniently derived from the voltage equations with currents as state variables under steady-state balanced conditions. This selection is generally determined by a particular application.
The resulting set of differential equations are linear with regard to small disturbances.
where,
Eq. (32) in the state space form is written as: 
where
The linear differential equations written in standard or state variable form in Eq. (35) can be rewritten as:
where u is the input vector, and if it is equal to zero, the solution of linear differential Eq. (35) can be given by Eq. (39). The characteristic equation of A is determined by Eq. (40) from [18] :
and
where roots ζ of Eq. (40) are referred to as eigenvalues, characteristic roots, or latent roots, and I is an identity matrix.
Eigenvalue analysis of small signal
Eigenvalues allow a direct and effective approach for stability analysis of the SP-SEIG at any small displacement. The eigenvalues of the SP-SEIG can be obtained by using the standard eigenvalue computer routine. To calculate the roots of matrix [E] given by Eq. (40), i.e. the eigenvalues of the SP-SEIG, a computer program has been developed from Eq. (39). The eleven state variables contribute to a set of eleven eigenvalues. The sets of eigenvalues are given in Table 2 Table 3 . At stall, one of the eigenvalues of the studied system has zero real part, and hence the self-excitation of the studied system will be initiated. When the speed increases from stall to a rated (no load) speed from their respective columns 1 to 2 (3), one of the eigenvalues has a positive real part, as given in Table 2 , and tends to sustainable self-excitation. In the following ways, variations of eigenvalues have been determined to analyze the study of stability by varying the minimum shunt capacitance, (varying machine parameters, and varying system loading.
Effect of shunt capacitance required for self-excitation
The minimum capacitance required for self-excitation can be determined by any scheme as given in [22, 23] . As in [22] , the value of the minimum capacitance depends on the eigenvalues of system matrix A, whereas in [23], it Table 2 . Eigenvalues (rad/s) of the studied system under no load. depends on the optimization constraints so as to achieve better performance. A minimum value of capacitance (38.5 µ F) is determined by the magnitude and nature of the eigenvalue. When one of the eigenvalues has zero real part, as illustrated in Table 2 , the self-excitation phenomenon has been initiated. In Tables 4 and 5 , efforts are made to examine the magnitude and nature of all eigenvalues w.r.t. the minimum value of capacitance and rated frequency. This effort shows the effects of the other values of capacitance moving from the first to last column of Tables 4 and 5 . There are abrupt variations in the imaginary parts and/or the rated frequency of stator eigenvalues. These variations of eigenvalues are tabulated in Tables 4 and 5 at no-load on synchronous speed and rated speed, respectively. In Tables 4 and 5 , when the movement is from column 1 to 3, the frequency of stator eigenvalue IV starts increasing. This corresponds to unstable operation, as shown already in Figure  2a . Table 3 . Parameters of a 1.1-kW, 36-slot, 6-pole, 6-phase, 415-V, 2.9-A, 50-Hz, and 960-RPM squirrel cage induction machine.
Measured parameters
Value 
Effect of machine parameters
The variation of eigenvalues with machine parameters has also been determined. These parameters are stator resistance, rotor resistance, stator leakage inductance, rotor leakage inductance, magnetizing inductance, and inertia constant. The most critical parameter is the variation of magnetizing inductance (L m ) in the dynamics of voltage build-up and stabilization of the SP-SEIG. With the change in magnetizing inductance, all eigenvalues are slightly affected, as shown in Figure 4 .
Effect of system loading
The effects of resistive loading, for a fixed excitation/fixed reactive power, on the rotor eigenvalues are depicted in Table 6 for rated speed and synchronous speed. According to the real eigenvalues presented in Table 6 , the studied system is moving from an unstable point (column 1) to a stable point (columns 2 to 3). This means that machine operation tends to be more stable. When real eigenvalues are negative, self-excitation cannot be initiated and/or cannot be sustained, as shown in Figure 2a . On the contrary, when real eigenvalues are positive, self-excitation will be initiated and sustained, as shown in Figures 2b and 2c . In Figure 2a , voltage generation is initiated, but after a very short time period it dies out. Figures 2b and 2c depict the analytical and experimental waveforms of terminal voltage and the current of a system at no-load speed of 1000 RPM, respectively. Once the voltage has been established, the stability around the equilibrium point can be evaluated when the studied system is referred to a reference rotating frame. Table 2 shows the system eigenvalues for three different equilibrium points with no load. Table 6 shows the system eigenvalues under six different equilibrium points for the system with load.
Conclusion
Stability studies of the SP-SEIG are developed by using a simple method based on eigenvalue analysis. Eigenvalues play an important role in the selection of minimum capacitance required for self-excitation and the condition at which excitation will be initiated and sustained. When one of the eigenvalues has zero real part, it gives the minimum capacitance value to initiate the self-excitation of the machine, and when one of the eigenvalues has a positive real part, self-excitation will be initiated and sustained. From the analysis, it is demonstrated that 
